The marine cyanobacterium, Synechococcus sp. Nageli (strain RRIMP N1) changes its affinity for external inorganic carbon used in photosynthesis, depending on the concentration of CO2 provided during growth. The high affinity for CO2 + HCO-of air-grown cells (K1/2 < 80 nanomoles [pH 8.21) would seem to be the result of the presence of an inducible mechanism which concentrates inorganic carbon (and thus C02) within the cells. Silicone-oil centrifugation experiments indicate that the inorganic carbon concentration inside suitably induced cells may be in excess of 1,000-fold greater than that in the surrounding medium, and that this accumulation is dependent upon light energy. The quantum requirements for 02 evolution appear to be some 2-fold greater for low CO0-grown cells, compared with high C02-grown cells. This presumably is due to the diversion of greater amounts of light energy into inorganic carbon transport in these cells.
The utilization of inorganic carbon by cyanobacteria has recently been the subject of several investigations (6, 9) . It is clear that these photosynthetic organisms are able to change their relative affinities for external inorganic carbon, depending on the level in the external medium, and that there is some active accumulation mechanism which allows CO2 to be concentrated inside the cell. The concentrating mechanism has been proposed to be an HCO3 pump (3) , rather than a CO2 utilizing system, which would function most efficiently at alkaline pH where a large portion of the inorganic carbon is present as HCO3 . An environment where a HCO3 transport mechanism could be expected to play a major role in the fixation of carbon from the aqueous medium is seawater, where a more or less constant alkaline pH of around 8.2 exists, providing a constant high level of HCO3 . Experiments described here were aimed at characterizing the photosynthetic properties of a marine cyanobacterium, Synechococcus sp., and assessing to what extent HCO3 rather than CO2 is used for photosynthesis.
We have used a combination of techniques, including silicone oil centrifugation and mass spectrometric monitoring of gas exchange, to show that this cyanobacterium does possess an inducible active CO2 concentrating system. In exploring the question of active species used by this concentrating mechanism, we are forced to conclude that both CO2 and HC03-can both act as substrates; however, during steady state photosynthesis in seawater HC03-will predominately be taken up.
MATERIALS AND METHODS Materials. The unicellular marine cyanobacterium, classified according to Rippka et al. (13) as Synechococcus sp. Nageli (strain RRIMP N1) was kindly supplied in axenic culture by Dr L. J. Borowitzka. This organism is an oval rod, 1.5 x 3 tim, and Rippka et al. (13) consider Agmenellum quadruplicatum and Coccochloris elabens to belong to the same group. NaH14CO3, [U-_4C]sorbitol and [3H]H20 were from New England Nuclear.
Growth of Synechococcus. The cells were grown to late log phase in 300-ml batches contained in 500-ml conical flasks. Growth medium was a 0.2 ,um filter-sterilized seawater medium based on the 'f' medium of Guillard and Ryther (5) , and buffered at pH 8.2 with 50 mm Bicine. Cultures were shaken in a temperature-controlled water bath (27-31°C) and bubbled with either air (low-CO2 grown) or air enriched with 2 to 4% CO2 (high C02-grown). Light (400 ,uE m-2 s-1 at the surface of the culture vessels) was provided by a mercury vapour lamp suspended over the bath.
Preparation and Assay of Cells. At the end of the growth period, cells were harvested by centrifugation at 5,000g for 10 min, and resuspended in 2 to 3 ml of C02-free culture media. The cells were stored in the dark on the bench and slowly bubbled with C02-free air prior to their use in experiments. All assays were performed in seawater medium at pH 8.2, 25°C, unless otherwise specified.
Silicone Oil Centrifugation. Measurement of the internal inorganic carbon pool and fixation of CO2 in acid stable products was as described previously (2, 6 Figure 3b is less than that in Figure 3a , and so is the acid-stable product pool. Reasons Lehman (7) and Findenegg (4) and Lehman (7) gives a detailed account of the theory associated with this experimental technique. Figure 4 shows the time course of acid-stable 14C fixation by low C02-grown Synechococcus cells following the injection of a small amount of highly labeled CO2 or HC03-(6.3 nmol/ml). These cells were photosynthesizing at a steady-state rate of photosynthesis in the presence of an excess of unlabeled (compared to the labeled species injected) inorganic carbon (192 nmol/ml). Interpretation of these time courses is dependent on the fact that in the absence of carbonic anhydrase, it takes at least 60 s for equilibration to occur between the labeled inorganic carbon species.
Injection of ['4C]HC03-, in the absence of carbonic anhydrase, results in a time course of fixation with a distinct lag, with linear rates of fixation being reached after 40 to 60 s. Addition of carbonic anhydrase does little to alter this except for enhancing fixation slightly during the early part of the time course, and it is significant that the lag period remains. The theory behind this technique would argue that the presence of this lag period is indicative that the cells use CO2 for photosynthesis; however, the persistence of it in the presence of carbonic anhydrase is in contradiction to this. A possible reason for this time course is that in fact HCO3-is primarily taken up from the medium into the cell; however, as seen in Figure 3 , due to the existence of a large internal pool of unlabeled inorganic carbon inside the cells it will take a finite time for this pool to reach isotopic equilibrium with the external pool. As this internal pool is the immediate substrate for photosynthesis, then a lag in fixation will be involved with the isotopic equilibration between inside and outside pools, rather than between external CO2 and HCO3 . Hence this time course is still consistent with HCO3-being taken up from the external medium into the cell and used in photosynthesis.
Injection of 14CO2 gives a completely different picture and different considerations must be made in the interpretation. In the absence of carbonic anhydrase, much higher initial rates of fixation are seen with CO2 than with HCO3 injection, and these rates decline over the first 60 s to reach a linear rate comparable to that seen with HCO3-. Addition of carbonic anhydrase results as expected in a time course with kinetics very similar to that with HC03-plus carbonic anhydrase. The only difference lies in the absolute value of the counts fixed. The smaller number of counts fixed when CO2 is injected is probably due to diffusion of CO2 out of the acidified sample prior to injection into the cell suspension. Unlike the situation with HC03-injection, CO2 injection, at this pH, will cause a considerable change in the actual concentration of CO2 species in solution. The CO2 concentration in the cell suspension prior to injection would be expected to be around 2 Mm, and thus the 6 Mm concentration of labeled species injected will be significant in relation to this. It could be argued that direct fixation of CO2 may occur from the medium by RuP2 carboxylase inside the cells under these conditions and that this was the reason for the time course. If one takes a Km (CO2) for this enzyme of 200 ltM (1) , a Vm, of 21 nmol min-' ml-' and uses the initial rate of fixation over the first 10 s after injection then the following can be calculated. Given 8 Mm C02 species externally, then direct fixation from this pool would support a rate of 0.8 nmol min-' ml-'. The observed rate over the first 10 s, assuming that an average isotopic equilibrium of 20%o has occurred, corresponds to around 4 nmol min-' ml-' of CO2 species fixed. Thus, direct fixation could probably not support the observed rate of "'C incorporation. Direct fixation from the outside pool is also unlikely, if it is considered as before that a large pool of unlabeled inorganic carbon (both CO2 + HC03-) exists within the cell, and isotopic dilution will be much greater here than calculated for the external situation. The only feasible explanation for the time course is that CO2 is taken up rapidly into the internal inorganic carbon pool and fixed from this into acid-stable products. Thus, overall, this experiment can be interpreted to implicate both CO2 and HC03-as being taken up into the cell and used as primary substrates for filling the internal inorganic carbon pool.
Steady-State Injection of CO2 or HCO3 while Measuring CO2. Use was made of an aqueous inlet attached to a mass spectrometer, with which monitoring of both CO2 and 02 changes in solution while the cyanobacteria and photosynthesizing can be achieved.
Again, as the interconversion between CO2 and HCO3 is a slow process in the absence of carbonic anhydrase, it is possible to use this to distinguish between CO2 or HCO3 as an active species.
In the experiment described in Figure 5 , inorganic carbon either in the form of CO2 or HCO3 was injected at a constant rate into a concentrated suspension of Synechococcus in the light. At each injection rate, the cells were allowed to reach a steady-state CO2 concentration with the external CO2 measured mass spectrometrically at each point. At this stage, it is assumed that the inorganic carbon injection rate is equal to net CO2 fLxation by the cells. If CO2 were the active species being used, then regardless of whether CO2 or HC03-were injected, the steady-state CO2 reached for each injection rate should be the same, only the HC03-(which is not measured) should change. This is clearly not the case. When CO2 is injected, CO2 in solution is considerably higher than when HCO3 is the species entering solution. Addition of carbonic anhydrase to the CO2 injection treatment gives a response which is slightly above that for HCO3 without carbonic anhydrase. These results are consistent with HCO3 being the species used in steady-state photosynthesis. They are not inconsistent, however, with the possibility that CO2 and HCO3 may both be taken up.
Monitoring of External C02 during Photosynthesis. Another means ofobtaining information about the inorganic carbon species used during photosynthesis is to monitor the level of free CO2 in solution while making various changes to the environmental conditions. Such experiments have been performed previously with Scenedesmus sp. by Radmer and Ollinger (12) and indicate that HCO3 is taken up by this organism during photosynthesis. Figure  6 shows typical traces of changes in CO2 levels in a suspension of Synechococcus that occur when the light is turned on and off. Without carbonic anhydrase present in the external medium, there is a slow interconversion between CO2 and HC03-, and results obtained with and without carbonic anhydrase are very different. Without carbonic anhydrase (trace a) switching the light on results in a sharp decline in C02, followed by an apparent rise in CO2 level over a period of 2 min and then a gradual decline to zero CO2 and zero inorganic carbon. At this point, 02 evolution ceases (data not shown). If during this period of photosynthesis the light is switched off (trace b), there is a sharp increase in CO2 to a level in excess of the initial concentration followed by a decline to a somewhat lower steady-state value. If the light is switched off after the cells have fixed all the inorganic carbon, then there is a much smaller rise in CO2. If carbonic anhydrase is added (trace b), the sharp decline in CO2 following illumination is not seen. There is only a steady decrease in CO2 level down to zero.
The rise in CO2 following the initial decline after the start of illumination may be much larger with highly active cells or with denser suspensions of cells in the chamber (Fig. 7) . Here, in the absence of carbonic anhydrase, there was an initial decline in CO2 at the light-on point to almost zero level but over the following 2 min, CO2 levels rose to about 8 times the initial level. After reaching the peak value, there was a steady decline to zero CO2 at which stage all inorganic carbon in the suspension was fixed. This pattern was not seen when carbonic anhydrase was present, but rather there was a steady decline in CO2 levels down to zero. During the period that CO2 levels were being monitored, 02 evolution was simultaneously measured (lower traces). 02 evolution showed the same pattern both with and without carbonic anhydrase present, with an initial lag after the light was turned on followed by a linear increase in 02 until all inorganic carbon was used up. The time taken to use up the inorganic carbon was also the same both with and without carbonic anhydrase.
The time courses for the change in CO2 levels following the onset of illumination (Figs. 6 and 7) both indicate that there is evolution of CO2 into the medium following an initial rapid uptake. This evolution is occurring at a time when both net 02 evolution and net CO2 fixation are proceeding at a linear rate. Evidence that this CO2 efflux is coming from a pool of concentrated CO2 within the cell is obtained from changes which occur after the light is switched off. In Figure 6 (trace b), when the light is switched off, there is a rapid evolution of CO2 followed by a slow decline to a steady-state level. Carbonic anhydrase eliminates this rapid burst and suggests that it is CO2 and not HC03-which is being evolved into the medium. A more obvious example of this is seen in Figure 8 . Here, a constant rate of photosynthesis was being maintained in the light by the constant injection of HCO3 . The injection was stopped and this led to a slow decline FIG. 6 . Changes in external CO2 concentration during photosynthesis time courses. Cells (low C02-grown) were at 3.7 ,jg Chl/mi and 30°C and light was provided at 350 ME m-2 s-'. Carbonic anhydrase was added at 0.1 mg/ml. CO2 was measured mass spectrometrically as described in "Materials and (13. 3 jig Chl ml-') were maintained at a constant photosynthesis rate by the injection of NaHCO3-at 43 nmol min-' ml-'. Injection ceased approximately I minute prior to the light-off treatment. CO2 was measured mass spectrometrically as described in "Materials and Methods." in the CO2 level. When the light was turned off, there was a massive efflux of CO2 into the medium followed by a slow decline to a steady-state level that was nearly twice the level before the light was switched off. This was not accompanied by any visible uptake of 02 (data not shown). When the light was switched on again at this stage, a similar time course to that in Figure 7 was seen. These results strongly indicate that there is a concentrated pool of CO2 associated with the cell in the light which is released to the medium when the light is switched off. The requirement for light energy to cause the initial CO2 uptake as well as retention of a CO2 pool inside the cell is further seen by the effects of DCMU on the observed changes in CO2 levels (Fig. 9) . DCMU at levels used here substantially eliminated the initial CO2 uptake as well as the CO2 release upon darkening.
In the CO2 monitoring experiments described in Figure 6 and 7, it is superficially conceivable that the initial uptake of CO2 is a result of RuP2 carboxylase taking up CO2 directly from the medium at a rate which causes disequilibrium between CO2 and HCO3 externally. This direct uptake would eventually be replaced by indirect uptake from the internal CO2 pool resulting from HCO3 transport. The switch from CO2 to HCO3 utilization could lead to a subsequent rise in CO2 as CO2 and HCO3-reach equilibrium externally. However, it is not possible in this manner to increase the CO2 concentration to levels higher than the initial ones (as seen in Fig. 7) . Anyway, uptake of CO2 by RuP2 carboxylase at these low levels of external CO2 would be expected to be small based on the measured Km (CO2) of this enzyme in excess of 200 ,UM (1) and its efficient functioning is presumably dependent on the accumulation of CO2 internally.
DISCUSSION
The marine cyanobacterium, Synechococcus sp., changes its affinity for extemal inorganic carbon used in photosynthesis, depending on the level during growth (Fig. 1) . Cells grown at air levels of CO2 possess an extremely high affinity for free CO2 (K1/2 < 80 nm [pH 8.21 ) and this would seem to be the result of the presence of a mechanism which concentrates inorganic carbon (and hence CO2) within the cells. Concentrations of inorganic carbon inside the cell in excess of 1,000-fold over those existing in the external medium, are readily measured (Fig. 3) . This concentrating mechanism is active in nature and utilizes energy produced by whole chain electron transport as evidenced by the effect of DCMU on its operation (Fig. 3a) .
Comparison of the light-response of net 02 evolution (Fig. 2 ) indicates that the quantum yield for net 02 evolution (and presumably CO2 fixation) in low C02-grown cells is approximately half that of high C02-grown cells. This is consistent with a considerable amount of light energy being used to concentrate CO2 within the cell as well as to fix CO2 via the photosynthetic carbon reduction cycle. Further estimation of the absolute energy costs are rather premature due to the limitations of the comparison as discussed in the results.
Previous work with cyanobacteria (6, 9) has suggested that inorganic carbon concentrating mechanisms found in these organisms functioned around the operation of a HCO3 transport system. In examining the utilization of inorganic carbon species by Synechococcus, both for photosynthesis and for accumulation into the internal inorganic carbon pool, we have been confronted with a number of seemingly confficting results which need explanation. From the steady-state injection studies described in Figure   5 , and the pH response of Km (C02) and Km (HCO3) ( external solution can be increasing (rather than decreasing) at a time when net 02 evolution is proceeding at a linear rate. Addition of carbonic anhydrase to the external medium (Fig. 7 ) had no effect on the rate of 02 evolution or the time taken to fix all of the inorganic carbon from the external medium. An effect would be expected if photosynthesis was limited by conversion of HCO3 to CO2. In some conflict with these observations is the evidence that CO2 can be taken up at an apparently faster rate into the internal inorganic carbon pool than can HCO3 (Fig. 3) and that upon illumination, CO2 is rapidly removed by the cells from the external medium (Figs. 6 and 7) . The isotope disequilibrium experiments (Fig. 4) can, in the midst of this, be interpreted to indicate that both CO2 and HCO3 can be taken up from the external solution.
There is one explanation which readily unifies this set of data, and this is that as indicated by the isotope disequilibrium experiment, both CO2 and HCO3 are taken up from the external medium into the internal inorganic carbon pool. If this is the case, then the relative contribution by each flux to supplying this pool will be dependent upon the rate at which each species is transported for a given external concentration. To explain the data in Figure 3 , it must be inferred that, at similar external concentrations, CO2 is transported into the cells much more rapidly than HCO3-. The word transport and its inference of being an active process is justified as the internal concentration of inorganic carbon, whether CO2 or HCO3 is supplied is much higher than any passive distribution can explain (Fig. 3) .
The actual mechanism by which this can occur is not at all clear. It is possible that CO2 and HCO3 are alternate substrates for the one transport system in these cells and that when supplied at similar concentrations, the system is more active with CO2. This possibility does not seem likely as HCO3 and CO2 are not structurally analogous. A second alternative is that there is a relatively unstirred layer around the cells which becomes alkaline upon illumination. Such alkalization associated with HCO3 transport has been proposed for other algal systems (8) . In this case, HCO3 would be the species taken up and the high OH concentration in the unstirred layer would act to catalyze the conversion of CO2 to HCO3 . This is unlikely for several reasons. First, physical calculations based on unstirred layer sizes and possible efflux rates for OH-suggest that at pH 8.2, the cell surface would be unlikely to be any higher than half a pH unit higher (calculations not shown). This would not be enough to increase the rate of conversion of CO2 to HCO3 sufficiently to explain the observed rates of CO2 uptake. Second, if there were an alkaline layer around the cell, it is hard to see how CO2 could diffuse back out through it again, as would be necessary to explain the CO2 burst seen after the light is switched on (Figs. 6-8) . Third, measurements of internal pH in cyanobacteria have been made previously using weak acids and the silicone oil centrifugation technique (6, 9) . These have estimated that at an external pH of 8.0, the internal pH is 7.5 to 8.0. As these measurements include a considerable amount of extracellular fluid, then no alkalinity of the outer layer surrounding the cell is indicated. At this stage we cannot speculate further on the basis for uptake of both CO2 and HCO3-Regardless of what the explanation is for both CO2 and HCO3, it is clear that HCO3 rather than CO2 is the predominant inorganic carbon species being accumulated inside the cells. This arises primarily because at these alkaline pH values, CO2 is a small proportion of the total inorganic carbon (at pH 8.2 it is <2%). The cells do take up what CO2 there is available; however, they rapidly become limited by the rate at which HCO3 can be converted to CO2. The HCO3 in equilibrium with atmospheric CO2 is sufficient to support uptake rates which presumably lead to saturating levels of CO2 within the cells and HC03-uptake alone can support the observed photosynthetic rates. As has been discussed previously (6) , it is impossible to estimate during photosynthesis what proportion of the internal inorganic carbon is HCO3 and what is CO2. This stems largely from the fact that due to the lack of carbonic anhydrase activity in cyanobacteria, it is reasonable to assume that HCO3 and CO2 concentration are not in rapid equilibrium during steady-state photosynthesis. Under such conditions, which may be achieved by constant injection of HCO3 (Fig. 8) , the flux of HCO3 and CO2 transported into the cell will equal CO2 efflux from the cells plus CO2 fixed in photosynthesis by RuP2 carboxylase (presuming the membrane is impermeable to HC03-). The actual concentration gradient of CO2 between inside and out will be dependent upon the physical resistances to diffusion involved. This will mean, however, that if HCO3 is being taken up from the medium and concentrated inside the cell in addition to the CO2 uptake, then CO2 will be continuously effluxing in a net manner. The efflux following the accumulation of HCO3 could be responsible for the rise in CO2 seen after the initial uptake following illumination (Figs. 6 and 7) . Likewise, the rapid efflux of CO2 into the medium when the light is switched off (Figs. 6 and 8) could be a result of the loss of the internal CO2 pool to the external medium.
The results obtained here are probably generally applicable to inorganic carbon usage by other cyanobacteria. The adaptation to low CO2 and the inorganic carbon concentration achieved by Synechococcus is very similar to that seen in both A. variabilis (6) and C. peniocystis (9) . Data have also been obtained (Badger, unpublished) showing that A. variabilis has very similar CO2 time course transients following illumination. Clearly then, what has been implicated as a HCO3 transport mechanism responsible for the accumulation of inorganic carbon within cyanobacteria must be reassessed mechanistically to take account of the fact that both CO2 and HCO3 act as substrates for this system. LITERATURE CITED
